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A B S T R A C T
The anodic dissolution of aluminum in Lewis acidic ionic liquids consisting of AlCl3 and 1-ethyl-3-methylimi-
dazolium chloride was studied using linear sweep and cyclic voltammetry, an electrochemical quartz crystal
microbalance (EQCM) and chronopotentiometry at ambient temperature. Anodic passivation of the working
electrode was observed in a 2:1 electrolyte while no passivation was found in a 1.5:1 electrolyte.
Chronopotentiometry proves the passivation to be caused by local solidification of the electrolyte due to an
increase in the aluminum concentration near the anode. EQCM data support these results.
1. Introduction
Electrochemical deposition of aluminum and its alloys is of high
interest. Ionic liquids (ILs) have proven to be suitable for this process
[1]. Mixtures of AlCl3 and imidazolium-based salts, such as 1-ethyl-3-
methylimidazolium chloride, [EMIm]Cl, are intensively studied sys-
tems. These electrolytes show good solubility for various metal salts and
therefore allow the deposition of aluminum and many of its alloys
[2–5]. The Lewis acidity of the melt can be adjusted by varying the
molar ratio of [EMIm]Cl and AlCl3, which determines the prevalent
anions in the melt (Fig. 1). The melt needs to be Lewis acidic in order to
deposit aluminum, according to Eq. (1) [1,6–8]:
+ +4Al Cl 3e Al 7AlCl2 7 4 (1)
Soluble aluminum anodes can be used to achieve a continuous
plating process and to avoid anodic decomposition of the IL. However,
during the galvanostatic deposition of aluminum from a 2:1 electrolyte
the cell voltage increases if soluble aluminum anodes are used at anodic
current densities above a critical value of 8.5 mA cm−2 at ambient
temperature. The deposition process is interrupted once the cell voltage
exceeds the compliance of the power supply. This effect can be miti-
gated within certain limits if high surface area anodes are used, or if the
electrolyte is vigorously stirred [9]. However, due to the in-
homogeneous distribution of the electrical field there still might be
regions on the anode where the local current density exceeds the cri-
tical value. This might again lead to the same phenomenon of an in-
creasing cell voltage.
This paper focuses on the dissolution of aluminum in Lewis acidic
[EMIm]Cl/AlCl3 ionic liquids with the aim of better understanding the
mechanism of anode passivation discussed above. Potentiodynamic
polarization experiments as well as cyclic voltammetry measurements
are performed to shed light on the limitation of the anodic current
density during continuous deposition experiments. A combination of
electrochemical quartz crystal microbalance (EQCM) experiments and
the application of Sand's theory regarding the concentration profile at
the electrode at constant current density [10] is used to explain the
increase in the cell voltage at high anodic current densities when a
soluble aluminum anode is used.
Controlled current step experiments are powerful methods of
studying metal deposition and dissolution characteristics. Depending on
the amplitude of the step, the resulting transient gives valuable in-
formation about the diffusion coefficient of the electrochemically active
species [10,11], the nucleation behavior [6,12] and charge transfer
[13].
EQCM is an in situ technique which makes it possible to combine
electrochemical measurements with accurate determination of the de-
posited mass. The decrease in the resonance frequency, f , of a quartz
crystal is related to the increase in areal mass density, m, according to
the Sauerbrey equation (Eq. (2)) [14,15]:
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If one side of the resonator is in contact with a liquid of density l
and viscosity l, there is an additional frequency decrease according to
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the Kanazawa equation (Eq. (3)) [14,16]:
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In Eqs. (2) and (3), f0 is the resonance frequency of the unloaded
quartz, and q and µq are the density and the shear modulus of the
quartz, respectively. In order to apply Eq. (2), the change in the
damping of the quartz crystal, w, should be smaller than the change in
the resonance frequency f . In our approach, the change in damping of
the quartz crystal is measured as the change in the full width at half
maximum (FWHM) of the resonance peak of the quartz crystal near its
resonance frequency [17]. According to Eq. (3), an increase in the
viscosity of the liquid, l, in contact with the quartz crystal causes a
decrease in frequency and an increase in damping.
2. Experimental
1-Ethyl-3-methylimidazolium chloride, [EMIm]Cl, (> 98%, Iolitec,
Germany) was dried at 60 °C for two days to reach a moisture level
below 100 ppm (determined by Karl-Fischer titration, model 831 KF
Coulometer, Metrohm, Germany [18]). Anhydrous AlCl3 (granules,
99%, abcr, Germany) was used without further purification. The elec-
trolytes were prepared by slow addition of AlCl3 to [EMIm]Cl in molar
ratios of 0.5:1 to 2.0:1, which are further denoted as x:1 electrolytes
(x = 0.5, 1.0, 1.5, 2.0). Stirring the mixture for 24 h resulted in
transparent to slightly yellow liquids depending on the composition.
The electrochemical experiments were performed in an argon-filled
glove box (VAC Atmospheres, USA, O2 < 0.5 ppm, H2O < 0.5 ppm)
using a SP300 or VSP potentiostat/galvanostat (BioLogic, France). For
the electrochemical experiments an aluminum wire (99.999%, Alfa
Aesar) of 1 mm diameter, sealed in a glass tube with epoxy resin (Epoxy
2000 Plus, Cloeren Technology, Germany), was used as the working
electrode (WE). Aluminum plates of 2 mm thickness (99.0%,
Goodfellow) were used as ring-shaped counter electrodes (CE). An
aluminum wire (99.999%, Alfa Aesar) was used as the reference elec-
trode (RE). In the following all potentials are given with respect to this
reference. Before each experiment the WE was sanded with SiC emery
paper (800–4000 grit) to prepare an electrode surface of reproducible
quality.
Polished AT-cut quartz crystals with a resonance frequency of
10 MHz and gold electrodes of ca. 100 nm thickness (KVG, Germany)
were used for the EQCM measurements. The resonance frequency and
the damping of the quartz crystal were measured using a network
analyzer (Agilent E5100A) while a potentiostat/galvanostat model
263A (EG&G Princeton Applied Research) was used for the electro-
chemical measurements [19].
3. Results and discussion
From cyclic voltammetry experiments in the potential range
−800 mV to +500 mV (scan rate 100 mV s−1) in a 2.0:1 electrolyte
(not shown) a coulombic efficiency of> 98% can be calculated,
showing the reversibility of the deposition and dissolution of alu-
minum. Potentiodynamic polarization experiments (Fig. 2(a)) show
that the current density decreases strongly at +150 mV and a plateau-
like region follows for a 2.0:1 electrolyte (Fig. 2(a)), red curve). This
curve shape is characteristic of passivation of the surface. This anodic
passivation does not occur in a 1.5:1 electrolyte (Fig. 2(a), black curve),
where the equilibrium concentration of Al3+ is significantly lower than
in a 2.0:1 electrolyte, resulting in a better ability to dissolve aluminum.
The passivation potential shifts anodically and the peak current density
increases with increasing sweep rate (Fig. 2(a) and (b)). The deposition
of aluminum sets in at −80 mV (Fig. 2(b)). The deposited mass in-
creases continuously in the potential range −80 mV to −800 mV. The
average slope of the m vs. Q plot is (84.3 ± 0.1) μg C−1, which is
close to the theoretical value of 93.2 μg C−1 for pure aluminum. The
lower value probably results from the incorporation of lighter elements
(e.g. carbon from [EMIm]+). The exact mass-charge balance of the
decomposition of [EMIm]+ is not clear [20,21]. Therefore, an as-
sumption regarding the amount of incorporated impurities cannot be
made. The damping of the quartz crystal increases but is significantly
lower than the frequency decrease (Fig. 2(b)). Hence Eq. (2) applies. A
possible explanation for this slight damping increase is that the
Fig. 1. Theoretical ionic constitution (colored
curves) and phase diagram (black line with filled
squares) of [EMIm]Cl and AlCl3 [22–24]. The ver-
tical, dashed lines represent the electrolyte compo-
sition expressed in molar ratios of AlCl3 to
[EMIm]Cl. The horizontal, solid line represents the
ambient temperature inside the glovebox. (For in-
terpretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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roughness of the deposit is higher than that of the gold layer under-
neath. Thus the energy is dissipated and the damping increases [15].
Shortly before reaching the vertex potential of −800 mV, the current
density oscillates and the damping of the quartz crystal reaches its
maximum at around −700 mV on the anodic scan. The depletion in
aluminum ion concentration causes the Lewis acidity to decrease and a
slight increase in the melting point (Fig. 1), causing higher electrolyte
viscosity and hence higher damping. When sweeping the potential an-
odically, the mass increases further. The average slope of the m vs. Q
plot in this region was (77.0 ± 0.1) μg C−1. This might indicate
electrochemical decomposition of [EMIm]+ and incorporation of the
decomposition products of [EMIm]+ formed at more cathodic poten-
tials [20,21]. The change in damping decreases on the anodic scan.
Compared to the cathodic scan, the damping remains higher, which is a
result of the depletion of the electrolyte, as mentioned above. Liu et al.
[20] reported a grain-refining effect of the decomposition products of
[EMIm]+. Hence, the deposit has a smoother morphology and rough-
ness effects [15] should then be negligible, leading to a decreasing
damping change for the anodic scan, especially just after the vertex
potential of −800 mV. An anodic peak current density of 8.5 mA cm−2
at 430 mV can be observed, which is in agreement with the potentio-
dynamic polarization measurements (Fig. 2(a)). At potentials more
anodic than 430 mV the current density drops steeply to 35 µA cm−2,
indicating passivation. The EQCM indicates a strong frequency decrease
and damping increase before the anodic current density drops
(Fig. 2(b)). At this point Eq. (2) must be used with caution, since it
strictly applies only if the change in damping is smaller than the fre-
quency change. Since there is no cathodic current in this potential
range, electrochemical deposition of any material can be excluded.
Chlorine evolution would cause a noisy current density transient, which
is not observed and can therefore also be excluded. However, the in-
crease in the damping indicates an increase in the viscosity of the
electrolyte (Eq. (3)).
The melting point of the electrolyte increases strongly if the molar
concentration of AlCl3 exceeds 67 mol% (Fig. 1, molar ratio of 2.0:1).
While the melting point of a 2.0:1 electrolyte is around −90 °C, the
melting point of a 2.5:1 electrolyte is above 100 °C. Consequently, the
increasing cell voltage at high anodic current densities may have its
origin in local solidification of the electrolyte due to increasing alu-
minum concentration at the anode surface. Presumably, the solidifying
electrolyte precipitates as a poorly conductive solid and blocks the
active electrode surface. Consequently, the local current density at the
active anode surface and the potential necessary to drive the charge
transfer increase. This results in the passivation of the whole anode
surface and is in agreement with the decreasing frequency and in-
creasing damping of the EQCM in the anodic region of the cyclic
Fig. 2. (a) Potentiodynamic polarization curves of an aluminum electrode in a 1.5:1 (black) and 2.0:1 (red) electrolyte, respectively, (sweep rate 0.1 mV s−1) and (b)
cyclic voltammogram and change in frequency, damping and mass in EQCM measurements (sweep rate 1 mV s−1) in a 2.0:1 electrolyte. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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voltammogram (Fig. 2(b)). In addition, this explains the shift of the
passivation potential with increasing sweep rate. During the cathodic
scan, the electrolyte at the electrode surface becomes more Lewis basic.
On the anodic scan, aluminum ions still diffuse from the bulk towards
the electrode surface when anodic dissolution of aluminum starts. The
locally more Lewis-basic electrolyte is able to dissolve more aluminum
before exceeding the critical concentration and local solidification oc-
curs. This effect is stronger the higher the sweep rate is, resulting in a
shift of the passivation potential towards more anodic values with in-
creasing sweep rate.
If the origin of the passivation phenomenon described above is the
solidification of the electrolyte due to increased aluminum concentra-
tion in front of the anode, it is mainly caused by slow diffusion.
Consequently, current step experiments are suitable to support this
theory. The diffusion coefficient of Al2Cl7− ions was found to be
(7.1 ± 0.3)·10−11 m2 s−1, evaluated from controlled current and
potential step experiments (not shown). The critical aluminum con-
centration at which the electrolyte solidifies for a given temperature
can be evaluated from the phase diagram of AlCl3 and [EMIm]Cl
(Fig. 1). For this calculation the abscissa in Fig. 1 was transformed from
mole fraction, x(AlCl3), to molar concentration, c(Al), using Eqs. (4)
and (5):
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The critical mole fraction, xcrit(AlCl3), was calculated by interpola-
tion of the respective points from Fig. 1 that intercept a temperature of
27.5 °C at an aluminum concentration above that for a 2.0:1 electrolyte.
This concentration (xcrit(AlCl3) = 68.85 mol%) equals ccrit = 7.24 mol
L−1.
Fig. 3 shows the theoretical concentration profiles of a 2.0:1 elec-
trolyte in front of an aluminum anode with different applied current
densities and times. The plot is based on the Sand equation, which
describes the concentration profile at an electrode [10] (Eq. (6)):
=c x t c j
zFD
tD x
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x erfc
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4
1
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1/2 (6)
In Eq. (6) c is the concentration, x is the distance from the electrode,
t is the time after application of the current step, c* is the bulk con-
centration of the electrolyte, j is the applied current density, z is the
number of exchanged electrons, F is the Faraday constant and D is the
diffusion coefficient. The concentration of aluminum ions near the
electrode increases rapidly when a constant current density is applied.
For a low current density (e.g. 5 mA cm−2) the critical concentration
ccrit is not reached within a time frame of some minutes (2 min for
5 mA cm−2). For higher current densities (e.g. 10 or 20 mA cm−2) the
concentration exceeds the limit in less than one minute and natural
convection will not have a strong impact on the concentration profile. A
refined theory would have to take into consideration enhanced mass
transport due to natural convection, influencing the concentration
profile.
The critical transition time, crit , can be defined as the time it takes
for the concentration at the electrode surface (x = 0) to reach the
critical concentration, ccrit. It can be expressed according to Eq. (7),
based on Eq. (6):
= c c zF D
j
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Fig. 4(a) shows the calculated critical transition times depending on
the applied current density and measured transition times from a 2.0:1
electrolyte. Despite a minor deviation from the theoretical curves, the
measured values of crit are in good agreement with the discussed
model. Over the whole region of current densities, the measured values
are between the theoretical ones for 2.0:1 and 1.9:1 electrolytes.
Slightly higher critical transition times might be the result of a slightly
delayed onset of the nucleation of the solidifying melt (supercooling) as
can also be deduced from the EQCM measurements, showing the
damping to increase before the frequency decreases, accompanied by
the decrease in the current density (Fig. 2(b)). Furthermore, one should
keep in mind that Eq. (6) only applies for semi-infinite diffusion. The
theoretical values in Fig. 4 are based on fitting the density for different
electrolyte compositions and the diffusion coefficients from high am-
plitude potential and current step experiments (not shown). Further-
more, the difference in the mass of AlCl3 for the preparation of a 2.0:1
and 1.9:1 is about 2.0 to 2.5%. Hence, a deviation between theoretical
and experimental data results from errors in the mass (accuracy of the
balance used is 1 mg) for the preparation of the melt. The interpolation
of the data for the melting point when evaluating the critical con-
centration might also lead to deviations. Only two points of the phase
diagram (Fig. 1) are taken into account. The difference in aluminum
concentration between these is about 1.6 mol%. Hence, the necessary
effort to prepare electrolytes of different composition between these
two is quite high. However, the results are in a reasonable range, taking
into account the errors caused by these factors.
The plot of the current density vs. the inverse square root of the
critical transition time shows linear behavior and a zero intercept
(Fig. 4(b)), indicating diffusion control. Consequently, the passivation
of the anode is caused by low diffusion of aluminum ions from the
anode into the electrolyte, local solidification of the electrolyte due to
the increased aluminum concentration and its precipitation on the
anode. Comparable effects were reported for high temperature molten
salts [25,26]. Since the melting temperature increases steeply within a
small concentration range up to approximately 130 °C (Fig. 1), in-
creasing the temperature improves the anodic dissolution of aluminum
into the electrolyte only slightly. Even at elevated temperatures the
dissolution of aluminum in a 2.0:1 electrolyte will be limited by the
ability of the electrolyte to dissolve aluminum before exceeding the
local solidification point. Furthermore, the thermal decomposition of
[EMIm]+ is also a limiting factor. The solubility of various metal salts
in this type of IL increases with the Lewis acidity of the electrolyte [1]
Fig. 3. Concentration profile c(x,t) of a 2.0:1 electrolyte near an aluminum
electrode with an applied anodic current density j of 5 mA cm−2 (dotted lines),
10 mA cm−2 (dashed lines) and 20 mA cm−2 (solid lines) depending on the
dissolution time t of 30 s (black), 60 s (red) and 120 s (blue), based on Eq. (6)
[10] and using a diffusion coefficient of (7.1 ± 0.3)·10−11 m2 s−1. The solid
horizontal lines represent ccrit (upper line) and c* (lower line) for 27.5 °C, re-
spectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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which is an important consideration for the deposition of aluminum
alloys. Consequently, a compromise between Lewis acidity and the
tendency of the electrolyte to cause anodic passivation has to be found.
Furthermore, the addition of metal salts other than aluminum chloride
to this type of electrolyte might also cause a change in the melting point
[27,28]. The impact of this has to be taken into account for each in-
dividual electrolyte.
For small current densities the experimental critical transition times
deviate from the theoretical values, which can be explained by the
onset of natural convection. For the system investigated here, an ap-
proximate critical anodic current density of 8.5 mA cm−2 at
(27.5 ± 2.5) °C can be estimated for a 2.0:1 electrolyte (Fig. 4(b)). This
value represents the maximum applicable current density to avoid
transport limitations and hence the passivation of the anode for sta-
tionary deposition conditions. Therefore, it can be found in the po-
tentiodynamic polarization curve of a 2.0:1 electrolyte (Fig. 2(a)) and
in the EQCM coupled cyclic voltammogram (Fig. 2(b)).
4. Conclusions
While electrolyte anodic passivation occurs in a 2.0:1 [EMIm]Cl-
AlCl3, no passivation is observed in a 1.5:1 electrolyte. The EQCM in-
dicates a frequency decrease and damping increase immediately before
the current density drops due to passivation, indicating solidification
and precipitation of the electrolyte on the electrode.
Controlled-current step experiments showed mass transport to be
limiting for the anodic dissolution of aluminum at high current den-
sities. A high dissolution rate of aluminum causes a strong increase in
the melting point of the electrolyte, which then solidifies and pre-
cipitates on the electrode, causing a passivation due to the formation of
a poorly conductive film, in accordance with the EQCM measurements.
For electrolytes with a low aluminum concentration, intense stirring or
a high ratio of anode to cathode area are recommended for long-term
deposition processes to prevent anodic passivation.
The results can be transferred to other electrolytes that show eu-
tectic behavior combined with slow diffusion and a significant change
in viscosity depending on electrolyte composition.
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